ABSTRACT: Large supraphysiologic transmembrane electrical potentials are known to alter the molecular organization of the bilayer lipid component of cell membranes, leading to ionic permeabilization or "electroporation". Typically, membrane electroporation is followed by several orders of magnitude increases in electrical conductance and diffusive permeability to low-molecular-weight solutes. Electroporation may be transient or stable depending on whether the membrane eventually seals or remains permeabilized. Factors that control sealing have not been well characterized. This paper describes the kinetics of membrane sealing following electroporation by pulses over a range of supraphysiologic potentials. The increase in membrane conductance is highly nonlinear during a -440-mV, 4-ms pulse and reaches two orders of magnitude greater than baseline. Electroporation and relaxation sealing kinetics are quite different, reflecting a significant hysteresis effect. Thus, it appears that the magnitude and duration of the field pulse are important factors in sealing.
INTRODUCTION
Altered membrane properties in response to strong electric field exposure per se appear to be directly relevant to tissue injury mechanisms in victims of electrical shock or lightning injury. Electroporation or electropermeabilization are terms used to describe this phenomenon. While the process of electroporation in pure lipid bilayer systems has been well characterized and modeled, [1] [2] [3] [4] [5] [6] [7] the molecular events that permit membrane resealing have not been identified. Real cell membranes are more complex. Understanding the effects of electric forces on biological cell membranes is crucial for biotechnology and medical progress. Because electric fields can be used to permeabilize cell membranes, application of electric forces to structurally alter the cell membrane has opened up new possibilities for manipulating the internal contents of cells for gene transfection. [8] [9] [10] However, at the harmful end, we need to understand pathogenic mechanisms in electric shock injuries 11 and the myocardial injury. 12 Thus, there is a compelling motivation to better characterize the molecular dynamics of field-induced cell membrane alteration.
Well-known electric field-induced cell membrane alterations are characterized by large changes in membrane electrical properties. Originally, this effect was postulated to result from the electrocompression of the cell membrane causing an electromechanical breakdown. 13 However, the lack of premembrane breakdown changes in membrane capacitance 14 disputes such an explanation. Instead, membrane permeabilization is thought to involve rearrangement and realignment of membrane lipids associated with thermal fluctuation of transient pores that expand in response to supraphysiologic transmembrane potentials. [15] [16] [17] Membrane permeabilization occurs when a strong electric field disrupts the structural integrity of the membrane and causes transmembrane defects or gaps. [18] [19] [20] Electropores, as these openings are commonly called, are believed to form on the submicrosecond timescale and expand in size during the electrical exposure. 2, 19, [21] [22] [23] [24] For low magnitude and short duration pulses, the pores shrink and disappear following the removal of the pulse and thus the electrical breakdown of the membrane can be reversed. 23, [25] [26] [27] [28] [29] In case of a strong electric field, the pores continue to conduct long after the removal of the pulse, leading to irreversible damage of the cell membrane. 30, 31 Recently, Winterhalter et al. 3 demonstrated that initiation of pore formation in dipalmitoyl phosphatidylcholine (DPPC) planar lipid bilayers occurs a few microseconds after the field pulse is applied. Structural breakdown or electropore formation in the membrane occurs within a millisecond. Using a kinetic model, Saulis 1 suggested that a rise in the amplitude of the imposed electric field increases either the number of pores created during the pulse or the rate of pore resealing. O'Neill and Tung 32 used voltage clamp measurements of membrane patches from frog ventricular cells to show large step increases in membrane conductance that occurred on a timescale of less than 30 s at transmembrane potentials of 0.1-1 V. Chen and Lee 33 demonstrated that the increase in membrane conductance in response to a positive pulse is 3 to 4 times larger than in response to a negative pulse of the same magnitude. The dynamics of the underlying molecular events that result in an increase in membrane conductance is not well understood. The focus of this study was to elucidate the mechanism of membrane interaction with an electric field and to characterize the changes in electrical properties of a cell membrane after exposure to an electric field.
MATERIALS AND METHODS
A modified double Vaseline gap voltage clamp technique, applied to skeletal muscle cells, was used to study the changes in membrane properties resulting from supraphysiologic transmembrane potentials imposed by an external electric field. 34 This technique involved clamping a constant voltage across a cell membrane and simultaneously measuring the transmembrane current. This method also allowed us to differentiate the transmembrane leakage current due to membrane electroporation from current passed through ion channels. The voltage clamp technique enabled us to study the rapid dynamics of electroporation as transmembrane current could be measured both during and after an electrical pulse with 1-s time resolution. Thus, changes in membrane conductance were calculated during different phases of electroporation and relaxation. Skeletal muscle cells were used because of their large physical size and their relevance to tissue necrosis in electrical shock victims.
The imposed field-driven transmembrane leakage current was measured over a range of transmembrane potentials. An improved voltage clamp configuration 34 with electrically connected end pools was used to eliminate transient overshock and provide a uniform potential distribution across the length of the fiber. Still, there was a negligible overshock even when the space constant decreased substantially following electroporation. This enabled the measurement of transmembrane current under welldefined transmembrane potential conditions.
Our modification of the double Vaseline gap voltage clamp design used in these experiments is illustrated in FIGURE 1. The experimental chamber was divided into three partitions. The middle partition, central pool (CP), was 300 m in width, while each adjacent partition, end pool (EP), was 100 m wide. An isolated muscle cell was mounted across the notches of the two partitions and isolated with Vaseline. Agar bridges were used to connect the pools to electrodes. The cell was held in place, spanning the central pool, by two Delrin clips attached to the bottom of the two end pools using high vacuum grade stop-cock grease. Thin Vaseline seals and two glass coverslips were used to electrically isolate the three pools from each other. The two end pools were electrically connected and constrained by a command pulse. The command pulse was used in a feedback mechanism to adjust the injected current (I) in order to maintain or clamp the transmembrane potential at a prescribed level. The potential difference between each end pool and the central pool was defined as the transmembrane potential of the membrane over the central pool.
Preparation of Muscle Cells
A single muscle fiber from twitch skeletal muscle, the semitendinosus of an English frog (Rana temperoria), was hand-dissected in a high K + relaxing solution. The fiber was mounted in a chamber filled with a relaxing solution and isolated across the three distinct pools by two Vaseline seals. Clips at the bottom of the chamber held the fiber in place. The cell membrane of fiber segments in the two end pools was chemically permeabilized by treatment with 0.01% saponin for 2 minutes in order to ensure that electrical and ionic transfer could take place between the interior and ex-terior of the cell. The solution in the two end pools was then replaced by an "internal solution" that mimicked the composition of the cytoplasmic fluid. The central pool was filled with normal Ringer's solution containing both Na + and K + channel blockers, 1 M tetrodotoxin (TTX), and 120 mM tetraethanoammonia (TEA). Six agar bridges and six Ag-AgCl pellets were used to connect the solutions in the chamber to the external circuit. Normal Ringer's, relaxing, and internal solutions 33 were used in preparing the muscle cell for voltage clamp experiments.
Voltage Clamp Electronics
A Dagan Total Clamp 8800 (Dagan Co., Minneapolis, MN), a whole cell clamp, was used in all the voltage clamp measurements. The control commands were transmitted by an IBM personal computer-based digital-to-analog converter. A Data Translation PCIIA general purpose interface board (GPIB) was used as the computer interface. The shape, magnitude, and duration of the electrical pulses were specified using a software interface. The transmembrane current was filtered at 3 kHz by an electronic filter (902LPF) and digitized by a digital oscilloscope (Tektronix 11401, Beaverton, OR).
Pulse Sequence
The cell membrane was subjected to a series of square wave pulses ranging from -150 to -400 mV in steps of 10 mV. Simultaneously, the resulting transient transmembrane current was recorded.
Transmembrane current recorded in response to an electrical pulse consists of several components: (1) the leakage current beneath the Vaseline seals, (2) the membrane capacitance current, (3) the normal membrane leakage current, (4) the pulseinduced electroporated leakage current, and (5) the ion channel current. In all our measurements, channel blockers were used to prevent channel currents from contaminating the electric field-mediated current through lipid membrane. To distinguish the pulse-induced leakage current from the total recorded current, a template current consisting of components (1), (2), and (3) was generated using the following procedure. 33 Before exposure to each high voltage pulse, a group of N prepulses was delivered, each with the same period as the subsequent high voltage pulse. The magnitude of each prepulse was 1/N that of the main pulse. The number of prepulses, N, was chosen such that the membrane potential produced by prepulses was lower than the threshold for opening ion channels. Therefore, the transmembrane current responding to a prepulse consisted of only the membrane capacitance and normal leakage currents. The sum of these prepulse currents served as the template for the membrane capacitance and normal leakage currents with respect to the subsequent high voltage pulse current. Subtracting the template current from each high voltage pulse current yields the electric field-mediated membrane leakage current.
The stimulation pulses were of 4-ms duration in order to mimic the response to a half-cycle of 60-Hz commercial power current. A pulse of 4-ms duration at the rms value and a half-cycle sinusoidal current at commercial power frequency (60 Hz) have the same energy. Also to mimic physiologic situations, the cell membrane was held at -90 mV, except during the stimulation period. The stimulation pulse polarity was such as to hyperpolarize the cell membrane in order to prevent the voltage-gated ion channels from opening.
The series resistance of the intracellular region induced a voltage drop that made the measured membrane potential different from the command voltage. The feedback gain of the series resistance compensation current was adjusted prior to each experiment to compensate for the drop across the series resistance. A transmembrane potential pulse of -20 mV was applied and the gain was adjusted to be slightly below the level that causes a ringing or overshoot of the capacitance transient.
In order to characterize the dynamics of electroporation and recovery of the cell membrane, the transmembrane current response to a series of square wave pulses was measured. Under resting conditions, the transmembrane current was found to be approximately 2.5 ± 0.03 nA, corresponding to a membrane conductance of 27.9 ± 3.5 nS.
Signal Processing of Current Response
Transmembrane current traces were recorded for a sequence of applied 4-ms pulses ranging from -200 to -300 mV. The transmembrane current recorded in response to one such pulse is shown in FIGURE 2 (left). At elevated transmembrane potentials, the capacitance and leakage currents (FIGURE 2, middle) are supplemented by an additional component. This additional component was dependent on transmembrane potential and resulted from the creation of nonselective conduction pathways in the cell membrane. Thus, the added nonselective current was considered electroporationmediated. The linearity of capacitance current and normal leakage current was exploited in subtracting these two components from the total transmembrane current using the prepulse method. The resulting transmembrane current (FIGURE 2, right) represents the leakage current through membrane pores.
RESULTS
The transmembrane current increased from approximately -2.5 nA to -550 nA when the membrane potential was increased from -90 mV to -300 mV. Electropermeabilization that occurred in this range of transmembrane potential (-200 to -300 FIGURE 2. Signal processing of transmembrane current. The capacitance and leakage currents (middle) were subtracted from the total measured current (left) to obtain the electroporation current (right). A template square wave pulse is used to estimate the capacitance and leakage currents. mV) was transient and fully reversible. Increased membrane potentials beyond -400 mV led to stable electropermeabilization.
Transmembrane Potential Threshold for Electroporation
Theoretical models of electroporation 18, 19, 26 predict a strong dependence of transmembrane potential on the magnitude of change in membrane conductance. In our experiment, this dependence was estimated by measuring the transmembrane current in response to a series of pulses over a range of transmembrane potentials. FIGURE 3 illustrates the transmembrane current in response to stimulation pulses of different transmembrane potentials from -200 mV to -440 mV. The transmembrane current increased at a rate dependent on the imposed transmembrane potential. When the field was turned off, the current relaxed back to the resting value. Relaxation kinetics was generally describable by a single time constant that was independent of the amplitude of the previously applied potential.
An applied field of amplitude less than -240 mV caused a negligible increase in transmembrane current. At higher transmembrane potentials, the transmembrane current increased significantly above its resting value when the field was on. The peak current during the pulse reached over 700 nA at -440 mV compared to the resting
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FIGURE 3. Transmembrane current as a function of time in response to a 4-ms square wave pulse at different transmembrane potentials (left). The electroporation current was obtained by subtracting the capacitance and leakage currents from the total measured current. Significant transient electroporation results are found only at transmembrane potentials greater than -280 mV.
value of 3 nA. Following a low voltage pulse (<300 mV), the transmembrane current relaxed back to the prepulse level. However, when the transmembrane pulse was elevated to 400 mV or greater, an elevated transmembrane current of approximately 20 nA persisted 4 ms after the pulse was turned off. This indicated that recovery was not complete.
Sealing Dynamics
The relaxation time constant is the time taken by the current to decay to e -1 of the peak current after the pulse is turned off. When the voltage clamp was returned to zero, there was an abrupt decrease in transmembrane current followed by a slower decline over the next few milliseconds. FIGURE 4 illustrates the electroporation time constants (filled squares) and the relaxation time constants (filled triangles) as a function of transmembrane potential. The relaxation process appeared to be governed by molecular diffusion and interfacial energy and was largely independent of transmembrane potential. The asymmetry in the kinetics of electroporation (during the pulse) compared to the kinetics of relaxation (following the pulse) can be seen in FIG-URE 4. Following a 4-ms pulse, transmembrane current decreased with a time constant of around 0.16 ms. The asymmetry was significant at low transmembrane potentials, where the time constant of electroporation was over four times higher than the relaxation phase.
Electroporation Dynamics and Duration between Pulses
Lipid molecules realign to form aqueous pores when a pulse is applied and they return to their original state when the pulse is turned off. Both events occur over a finite timescale. This suggests the following: if a sequence of pulses is applied, the duration between pulses can significantly affect the dynamics of membrane conductance change. A sequence of three 4-ms pulses, 4 ms apart, was applied and the resulting transmembrane current was recorded. FIGURE 5 illustrates the transmembrane current in response to the pulse sequence over the range of -280 to -350 mV.
The transmembrane threshold for electroporation decreased with every pulse in a sequence. The peak transmembrane current increased with each pulse in the sequence. This effect was more pronounced at higher transmembrane potentials. The peak membrane conductance changed by over 25% from the first pulse to the second pulse and by 12% during the third pulse at -380 mV. The corresponding residual conductance increased by 10% and 30%, respectively. The incomplete recovery from the previous pulse also altered the kinetics of electroporation by a subsequent pulse. The time taken for the current to rise to e -1 of its peak value decreased from 1.6 ms during the first pulse to 0.2 ms for the subsequent pulses. The duration between pulses in the sequence was only 4 ms, far shorter than the recovery time following electroporation if the pulse amplitude was high. This resulted in only a partial relaxation of transmembrane current before the next pulse in the sequence was applied.
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FIGURE 5. Transmembrane current in response to a sequence of three 4-ms pulses, 4 ms apart. At high transmembrane potentials, an incomplete recovery of membrane from the previous pulse causes an increased transmembrane current during the next pulse in the sequence.
DISCUSSION
The purpose of this study was to characterize the recovery of cell membrane properties after exposure to supraphysiologic transmembrane potential pulses, which may aid us in understanding the tissue injury from high voltage electrical fields. We utilized a skeletal muscle cell model because the large size of these cells makes it experimentally feasible to impose various levels of transmembrane currents or potentials and monitor the response in real time. These data are important for interpreting theoretical models in the literature.
When subjected to large supraphysiologic transmembrane potential differences, cell membranes lose their barrier functions because of structural alterations. These alterations can be transient or permanent depending on the kinetics and magnitude of the imposed transmembrane potential. In our experiments, the amplitude and kinetics of these changes were determined by continuous voltage clamp measurement of the transmembrane current. The membrane conductance of frog skeletal muscle cells was shown to increase by over two orders of magnitude when membrane potential was raised from -90 to -400 mV. The results also demonstrated an asymmetry between the kinetics of electroporation-mediated current and that of its relaxation. These results can be interpreted relative to the predictions of thermodynamic models of electroporation.
19,26

Effect of Field Parameters on Membrane Recovery
Our results agree with previous studies [35] [36] [37] [38] that field-induced alterations in membrane properties are governed by the parameters of an imposed transmembrane potential. These parameters include transmembrane potential pulse amplitude, duration, and shape. When a sequence of pulses is applied, the time interval between pulses also affects the dynamics of electroporation. Both in designing biotechnology tools and in treating electric field-mediated membrane injury, it is crucial to understand the role of pulse parameters on membrane alteration.
Pulse Amplitude
Using voltage clamp measurements of transmembrane current, we demonstrated that the minimum threshold transmembrane potential that results in transient electroporation is approximately -240 mV in a frog skeletal muscle cell. When the amplitude of the applied field is less than this threshold, the field contribution to the pore energy decrease is very small. Thus, a large energy gradient that governs the expansion of membrane pores favors their spontaneous resealing and leads to a very small increase in transmembrane current. When the transmembrane potential is raised, the pore energy reduces, leading to the creation of more pores and to the pore expansion to larger radii. Due to the shift in pore population toward higher numbers and larger radii, the transmembrane current increases by over two orders of magnitude above its resting value at transmembrane potentials over -400 mV. The level of recovery following a pulse is also dependent on the amplitude of the pulse. The recovery following a pulse greater than -400 mV is only partial as indicated by the residual conductance.
Pulse Duration
The onset of electroporation occurred at a lower transmembrane potential when pulse length was increased. Appearance of hydrophilic pores and their expansion can be described as stochastic events overcoming a steep energy gradient, especially at low transmembrane potentials. When the transmembrane potential is held at an elevated level for a long time period, these probabilistic events are more likely to occur. In effect, this is equivalent to applying a stronger pulse for a shorter duration. A significant difference was observed at transmembrane potentials as low as -220 mV. A twofold increase was observed at -240 mV for a 100-ms pulse over a 4-ms pulse. These results are consistent with a similar finding by Glaser et al. 31 in artificial bilayer membranes. Glaser et al. argued that transmembrane current increases because of an increase in the number of pores. Both the peak current and the kinetics of current rise depend on pulse duration. The recovery of pore population to the initial state also depends on the extent of change, which depends on the duration of the pulse. A longer pulse shifts the pore population farther, both in size and in number, away from the resting distribution so that it takes longer to recover.
Duration between Pulses
Our results indicate that the dynamics of changes in membrane properties is affected by the residual conductance from the preceding pulse when a sequence of pulses is applied. We investigated this effect by applying a sequence of three pulses over a range of transmembrane potentials. The residual membrane current at the end of each pulse in the sequence is illustrated in FIGURE 6 (right). A corresponding in-ANNALS NEW YORK ACADEMY OF SCIENCES 204 FIGURE 6. Transmembrane current levels for a sequence of three pulses as a function of transmembrane potential. The peak current (left) occurs just prior to the turning off of each pulse in the sequence, and the residual current (right) occurs 4 ms after each pulse was turned off.
crease in the peak current reached at the end of the next pulse is illustrated in FIGURE  6 (left) . This suggests that the duration between pulses is not long enough to allow full recovery of the membrane, which causes an increase in the level of electroporation by subsequent pulses. This effect occurs at transmembrane potentials as low as -300 mV, but is more pronounced at higher levels. The 4-ms duration between pulses allows only a partial recovery of the cell membrane at high transmembrane potentials, with the residual current reaching one-tenth of the peak value.
We observed that transmembrane current increased with each subsequent pulse in the sequence. This is in contrast to the findings of Wolf et al., 37 who found that electromediated gene transfection caused by membrane permeabilization tends to diminish as the duration between the pulses is decreased. We also observed that the increase in transmembrane current, initially linear, occurs at a faster timescale with every subsequent pulse. Perhaps this is a result of a "memory" effect of electroporation kinetics. The residual conductance resulting from the presence of nontransient pores formed by the previous pulse changes the initial state of the membrane for the next pulse. The cell membrane appears to be at different states of permeabilization at the beginning of each pulse.
Dynamics of Lipid Reorientation following Electroporation
According to theoretical models of electroporation, 19, 26 the rate of pore creation follows an Arrhenius relation with the transmembrane potential. In addition, pore expansion is increasingly favored with higher transmembrane potentials that overwhelm the diffusion-limited process of pore contraction. The consequent shift in pore distribution causes an increasingly rapid rise in transmembrane current at higher transmembrane potentials. An applied electric field causes lipid molecules of the membrane to reorient, creating hydrophilic pores. The molecular dynamics of these events involve changes in conformation of lipid molecules and rearrangement of the lipid bilayer. 5 Under quiescent conditions, membrane defects fluctuate in timescales of picoseconds to minutes. [39] [40] [41] The highly cooperative structural rearrangements of lipids occur in milliseconds to minutes, while the rotation of lipid molecules occurs in microseconds. However, in the presence of an electric field, the rate of reorientation of an electric dipole associated with the lipid molecules is enhanced. When the external field was turned off, the lipids returned to their initial configuration and the transmembrane current decreased to the resting value (FIGURE 7, left) . The relaxation of transmembrane current following the pulse occurred with a time constant of 0.5 ms (FIGURE 7, right). This value relates to a diffusion coefficient of lipids that is two orders of magnitude lower than that for the reorientation of lipids in a pure bilayer lipid membrane. This suggests that the resealing process in cell membranes is not completely determined by lateral lipid movement as in a pure lipid bilayer membrane. One possible explanation is that the reoriented lipid molecules of a pore wall may form a quasistable complex with membrane proteins when pores expand during a pulse. Lipid molecules in such a complex may find it difficult to reorient after the pulse, leading to sustained conduction through aqueous pathways.
We observed that the relaxation of transmembrane current following the return of transmembrane potential to the resting level does not follow a single exponential decay (FIGURE 7, left). A similar behavior was observed by Benz and Zimmermann, 42 albeit in artificial bilayer membranes at much higher temperatures. They reported that the time course of the resealing process could not be fit to a single exponential curve in the temperature range of 30 to 60 °C. The resealing process, following a 50-s pulse, was noted to have a rapid phase with a time constant of 350 ns and a slow phase with a time constant of approximately 2 s. In our case, the fast phase could not be measured accurately because of the limitation on the sampling frequency. In addition, the time constant of decay of transmembrane potential to the resting value was approximately 30 s, which limited the accuracy of measuring the rapid phase of the decay of transmembrane current. The drop is essentially due to the abrupt resealing of small pores when the driving force is removed. The second phase of relaxation occurs because of the current through larger pores that continually shrink when the pulse is removed. Note that the membrane potential returned to the resting value of -90 mV following the pulse and is not set to zero. This provides the necessary driving force for ionic transport through these pores. In addition, following the application of the pulse, the holding current increases. This contributes to an additional component of current through the pores and to a slower relaxation of the transmembrane current following the pulse.
In addition to the stages of relaxation discussed above, a third phase of very slow relaxation was observed (FIGURE 7, left) . This was evident from the residual current that persisted for several milliseconds after the pulse was turned off. This slow component of relaxation has a time constant of several seconds and appears to be relevant only to electroporation of a cell membrane. Such a behavior has not been reported for a pure lipid membrane. Saulis and colleagues 43 report the reseal-ing process to occur in three stages following electroporation of human red blood cells: rapid decrease of pore size (<1 s), slow pore size decrease (few minutes), and complete pore closing (>10 min). The third stage of resealing may be explained by formation of a quasistable complex of lipid molecules with proteins along the pore wall, which might prevent the reorientation of the lipid molecules to close the pore. It was postulated that an applied electric field may form by-products from redox reactions that may interfere with or prevent the resealing of a porated membrane. 40 Klonk and Deuticke 44 have demonstrated that modification of membrane protein SH groups led to the impairment of resealing after formation of aqueous pores in human erythrocyte ghost membranes. Nanda and Mishra 45 have shown that an altered hemolytic response of human erythrocytes occurred in response to electric pulses. This has been attributed to the involvement of cellular proteins in the induction and subsequent phases of cell electropermeabilization. Such alterations by an electric field may explain the residual conduction in the membrane long after an electroporation pulse is removed.
The characteristic time constants measured in our experiments augment a wide range of characteristic times of pore resealing that have been reported in the literature. 43 The large variation in measured time constant can be partially attributed to the size of the testing molecules used. Use of large probe molecules in permeability studies does not account for the presence of small pores in the membrane. Measurements using a large probe molecule only provide estimates of the first or second stages of relaxation in the case of reversible electroporation. Another factor that governs the kinetics of resealing is the temperature of the medium: the higher the temperature, the more rapid the resealing. The time constant varies by an order of magnitude from 4 °C and 20 °C, and by another order of magnitude from 20 °C and 37 °C. 46 
Asymmetry in Electroporation and Resealing Kinetics
The kinetics of the transmembrane current change during electroporation and resealing are not symmetrical, with the extent of which depending on transmembrane potential during the pulse. The time constant of current increase during electroporation is strongly dependent on transmembrane potential and decreases with a rise in transmembrane potential. On the other hand, the time constant of current relaxation is independent of transmembrane potential. Because the conditions for electroporation and resealing are different, with the former occurring in the presence and the latter in the absence of an electric field, their paths are necessarily different. During electroporation by an elevated transmembrane potential, pore evolution takes place over an energy gradient that is less steep. As the transmembrane potential is increased, pore energy decreases, thus increasing the rate of pore creation and evolution with a consequent rapid growth of transmembrane current. When the pulse is turned off, transmembrane potential returns to its resting value and the pore energy again shifts to a large gradient over pore radius. The relaxation of pore distribution now occurs down the steep energy gradient, which depends on only resting potential, surface tension forces, and the diffusion coefficient of lipids. However, if electroporation causes stable lipid-protein complexes leading to nontransient changes in membrane conductance, the relaxation process will be drawn out over a longer timescale. If a large shift in mean pore radius occurs during the pulse, then diffusion-mediated pore shrinking will lengthen membrane recovery. The asymmetry in the kinetics of the membrane conductivity change follows the kinetic scheme: 6 A ⇔ 〉 Ǟ C Ǟ CЈ Ǟ BЈ Ǟ A.
➘ D
The A to B transition represents the reversible pore initiation step that takes place in submicroseconds or shorter. An elevation in transmembrane potential by an applied pulse causes a shift in pore distribution toward higher number and larger size, denoted by step B to C. The resealing occurs through the steps CǞCЈǞBЈ. The asymmetry in kinetics described above causes electroporation and resealing to occur through different paths, with BЈ and CЈ being equivalent states of B and C, respectively. The different stages of relaxation are represented by the transitions CǞCЈ, CЈǞBЈ, and BЈǞA. A high transmembrane potential causes irreversible electroporation, leading to membrane rupture denoted by the transition CǞD. This kinetic scheme describes the hysteresis effect of electroporation seen in our measurements.
